Abstract. The ion heat transport in the pedestal of H-mode plasmas is investigated in various H-mode discharges with different pedestal ion collisionalities. Interpretive modelling suggests that in all analyzed discharges the ion heat diffusivity coefficient, χ i , in the pedestal is close to the neoclassical prediction within the experimental uncertainties. The impact of changing the deposition location of the electron cyclotron resonance heating on the ion heat transport has been studied. The effect on the background profiles is small. The pre-ELM (Edge Localized Modes) edge profiles as well as the behaviour of the electron temperature and density, ion temperature and impurity toroidal rotation during the ELM cycle are very similar in discharges with onand off-axis ECRH heating. No significant deviation of χ i from neoclassics is observed when changing the ECRH deposition location to the plasma edge.
Introduction
The gradients in the ion and electron temperature profiles are a key component for driving turbulent transport in plasmas. Since the 1980s, 'profile resilience' has been observed on many tokamaks. 'Stiff' temperature profiles describe the fact that the ion and electron temperature profiles, T i and T e , are limited by a critical normalized temperature gradient R/L T = R |∇T | /T , with R the major radius and ∇T the radial temperature gradient. Beyond this critical R/L T the heat diffusivities increase drastically [1, 2] . Hence, with stiff profiles the edge temperature is a key to attaining higher core temperatures and, therefore, higher confinement of the plasma. The physical mechanism of the core profile resilience is plasma turbulence driven by gradients, such as ion temperature gradient modes, trapped electron modes and electron temperature gradient modes. Another contribution to the outward heat flux is induced by Coulomb collisions described by neoclassical theory [3] , which includes the effects of the magnetic geometry. Both contributions can be described as purely diffusive assuming locality. Transport due to turbulence leads to electron and ion heat diffusivities that strongly exceed the neoclassical prediction, which is typically observed in tokamak plasmas. In the pedestal region of H-mode plasmas, however, turbulent particle transport is strongly reduced due to the existence of steep radial gradients in the electric field perpendicular to the magnetic field [4] . Understanding the transport processes in the H-mode transport barrier is essential for a reliable scaling to next step fusion devices. Extensive studies of the heat transport in the plasma core have been carried out [5, 6, 7, 8, 9, 10] , however, little focus was directed to the pedestal region due to lack of high-resolution diagnostics. In the past years extensive effort has been directed to upgrading the diagnostics at the plasma edge in order to resolve the fast dynamics and the steep gradients that are present in the pedestal region [11] . Previous analysis of the edge temperature gradients measured at ASDEX Upgrade (AUG) showed that the pedestal ion heat transport coefficient in-between ELMs is consistent with neoclassical theory [12, 13] . A dedicated discharge was selected for the modelling and the measured temperature profile was compared to simulations using the 2D fluid code B2.5 which showed good agreement within the experimental uncertainties. A detailed pedestal plasma transport benchmarking comparison between various codes was performed at DIII-D [14] . It was found that the effective ion heat diffusivity profile differs from the neoclassical prediction and may be even smaller than it. Theoretical studies dedicated to the kinetic effects on the ion heat transport [15] and the impact of finite banana effects on the neoclassical ion thermal conductivity [16] showed that such effects could be quite important in the pedestal. However, comparison to experimental data are still pending. In this work, the edge ion heat transport is studied using power balance analysis with the transport code ASTRA. For the analysis dedicated discharges at low collisionality, where the ion and electron heat channels are not too strongly coupled, were selected, which are introduced in section 2. The analysis methods for modelling the ion heat transport are presented in section 3. A comparison between the experimentally determined heat transport coefficient and neoclassical predictions shows good agreement in the edge transport barrier region (see section 4). A summary of this paper is given in section 5.
Experiments
For the evaluation of the heat transport coefficients a good separation between electron and ion heat flux is required, i.e. at low collisionality where the electron-ion energy exchange term in the power balance is negligible or when the difference between T e and T i is larger than the uncertainties.
Investigation of inter-ELM ion heat transport in the H-mode pedestal of ASDEX Upgrade3 Dedicated discharges at low collisionality were carried out in the ASDEX Upgrade (AUG) tokamak. In these H-mode plasmas the plasma current was 1 MA, the toroidal magnetic field B t = -2.47 T, the edge safety factor q 95 = 4.3, the core line-integrated density varied from 6.3-7.5×10
19 m −2 , and the total heating power was 8.7 MW, i.e. 7.1 MW neutral beam injection (NBI) and 1.6 MW electron cyclotron resonance heating (ECRH). Low density plasmas usually facilitate to have a large difference between ion and electron temperature profiles. Despite rather low D gas puff rates of 1.6-3.1×10 21 s −1 the edge line-integrated electron density is roughly 4×10 19 m −2 due to the fuelling of the plasma by NBI. The collisionality in these plasmas varied from 0.2-0.5 in the pedestal region (ρ pol = 0.97). Note that here the ion collisionality is defined as the effective collision frequency divided by the trapped particle bounce frequency, ν * i = ν eff /ω b = νqR/(ǫ 3/2 v th ). The triangularity of the plasma was δ ∼0.31, while the ELM frequency was constant at around 60 Hz (see figure 1(d) ). The ECRH scheme was also changed from core to edge deposition to study the possible impact on the edge plasma profiles and on the ion heat transport which is presented below. The time traces of two example discharges are illustrated in figure 1 . Figure 1 (a) shows the energy confinement factor H 98 (y, 2), (b) the NBI power, ECRH power and radiated power (P rad ), (c) stored energy W mhd , (d) core and edge line-integrated density and (e) the ELM frequency f ELM . The black time traces correspond to the on-axis ECRH case (#31533), while the red lines to the discharge with off-axis ECRH deposition (#31534). The high-resolution diagnostic suite available at AUG enables the measurement of the plasma profiles, such as ion temperature (T i ) and impurity toroidal rotation velocity (v tor ) as well as electron temperature (T e ) and density (n e ) with high temporal and radial resolution. The T i and v tor profiles are measured using charge exchange recombination spectroscopy on a heating beam [17] . The electron density profile is measured with laser interferometry [18] , impact excitation on a Lithium beam [19] and Thomson scattering [20] . The Thomson scattering diagnostics also provides information on T e which is complemented by measurements with the electron cyclotron emission (ECE) diagnostic [21] . Note that T e and n e can be evaluated with the integrated data analysis (IDA) package using Bayesian probability theory [22] , which combines data from different diagnostics, i.e. Lithium beam spectroscopy, ECE and interferometry. The IDA evaluation is based on a forward model which includes information from various diagnostics taking into account the corresponding uncertainties. The combined analysis enables the simultaneous analysis of n e and T e with a temporal resolution down to 250µs. Example profiles of the ion and electron temperature, electron density and toroidal rotation are presented in the following subsection. The transport analysis was extended to plasmas with varying collisionality. Note, however, that at higher collisionality the determination of the ion heat flux and thus, χ i has a significantly larger error bar as the electron ion heat exchange is not negligible due to a stronger coupling between ions and electrons. All discharges feature a low ELM frequency (≤100 Hz) to allow for an inter-ELM evaluation of the ion heat diffusivity. The parameter range of the discharges included in the analysis are: I p = 0.8-1.05 MA, B t = 2.46-2.51 T, q 95 = 3.7-5.25, core line-integrated density of 5.5-7.6×10
19 m −2 , pedestal ion collisionalities (at ρ pol = 0.97) of 0.21-2.43 and normalized beta β N of 0.95-2.12. All discharges were carried out in deuterium plasmas with ECRH and NBI heating.
On-and off-axis ECRH heating
One method to get a better understanding of the transport processes is to determine how the transport is affected if the deposition location of the heat input is displaced from the magnetic axis of the plasma [7] .
Changing the deposition location from the core to the edge of the plasma can affect the plasma β and thus, the stability of the pedestal. As shown in figure 2 the magnetic axis and the flux surfaces are slightly displaced when applying edge ECRH heating. This also allows to test whether the assumption of locality is applicable or whether the heat transport in the pedestal can be influenced by the core. The goal of the experiments presented in this subsection is to test whether an edge deposition of the ECRH power has an impact on the behaviour of the plasma profiles during the ELM cycle and on the ion heat transport. Previous experiments on AUG showed that the application of edge ECRH heating affected the ELM frequency and caused a small relaxation of the edge gradients, while the MHD stability boundary remained unchanged [23] . A second, higher frequency ELM band appeared when depositing more ECRH power to the edge. This is in contrast to results from TCV [24] which showed an increase of the ELM frequency by a factor of two with edge ECRH heating, while the energy loss per ELM was reduced. Figure 2 shows the location of the ECRH power deposition and compares the (a) on-and (b) off-axis cases calculated using the beam tracing code TORBEAM [25] . Figure 2(c) shows the magnetic equilibria of both discharges (on-axis case in blue and off-axis case in red). A total of 1.6 MW heating was provided by three gyrotrons. For the off-axis case, one gyrotron was kept on-axis to avoid impurity accumulation in the plasma core and all the other parameters such as gas puff rate were kept the same. The density of the ECRH power deposition is shown in figure 3 . Note the difference in the scale when comparing the absolute numbers. In figure 3 the power density is plotted in MW/m 3 and therefore, the edge heating scenario appears to deposit less power than the on-axis case since the volume unit is larger at the edge. Note, however, that the amount of power input remained unchanged. As shown in figure 1, at these medium density levels the edge ECRH has hardly an impact on the plasma parameters, including the ELM frequency. Note that in [23] the deposition location could be moved even further towards the plasma edge, i.e. ρ pol ≈ 0.88. Figure 4 shows the profiles of the (a) electron temperature and (b) density, (c) ion temperature and (d) toroidal rotation for the on-axis (black) and off-axis (red) ECRH case. The measured data points are marked by circles and crosses, while the solid lines correspond to the fits (spline fits for T i and v tor , modified hyperbolic tangent function for T e and n e ). The edge profiles are hardly changed by applying the deposition location to the plasma edge (ρ pol ≈ 0.78) and the gradients are very similar within the experimental uncertainties. The behaviour of the profile recovery during the ELM cycle is shown in figures 5, 6 and 7. In figures 5 and 6 the evolution of the profiles is shown at three radial positions in the pedestal region, ρ pol = 0.95 (black and red), 0.97 (blue and magenta) and 0.99 (turquoise and orange). The measured data points are marked by diamonds and circles, while the lines represent the mean average during a time interval of 1 ms (for the electron temperature and density) and 2 ms (for the ion temperature), respectively. The solid lines correspond to the on-axis ECRH case, while the dashed lines represent the discharge with off-axis ECRH deposition. For the evolution of T e and n e presented in figures 5 and 6 the measurements are evaluated using the IDA technique with a temporal resolution of 250 µs. Note that for these discharges the temporal resolution of the edge CXRS diagnostics is limited to 2.3 ms. While the behaviour of the CXRS profiles during the ELM crash cannot be resolved, the behaviour during the recovery phases can be described. The electron and ion temperatures (see figure 5 (a) and (b)) evolve on similar timescales, while the electron density recovers on a much faster timescale, consistent with previous observations at AUG [26] . Note that at these low collisionalities T i seems to recover a bit faster (∼9-10 ms for reaching the pre-ELM value) compared to T e (∼13-14 ms at ρ pol = 0.95). Figure 7 shows the recovery of the toroidal rotation profile. For better clarity, a 2D plot is illustrated in subfigure (a) to show the behaviour of the profile. Subfigure (b) compares the toroidal rotation at ρ pol = 0.95 and 0.97 for the on-and off-axis ECRH cases. During the ELM crash, the typical H-mode dip [27] in the edge impurity toroidal rotation profile vanishes and the well-like feature is strongly damped to an almost flat profile. Shortly after the ELM, the H-mode toroidal rotation dip is re-established again. 
Transport analysis methods
The ion heat conductivities are determined using power balance analysis with ASTRA [28] , a 1.5D transport code, which solves the time dependent and flux surface averaged heat transport equation. Within ASTRA the equilibrium is reconstructed with a prescribed boundary condition and a 3-moment approach. Initial profiles for T e and T i are used as input, while a time-dependent boundary condition for T e and T i at the separatrix can be used. Measurements of the n e profile and the radiated power density (P rad ) are also provided as input. The ion and electron energy sources as well as the heat exchange between ions and electrons are evaluated which determine the electron and ion heat fluxes Q e and Q i . In the simulations the electron heating power consists of the ohmic heating power (P oh ), the collisional heat exchange rate between ions and electrons (P ei ), the power lost as radiation (P rad ), power losses due to atomic processes (P N e ) and the auxiliary power to the electrons (P e,aux ). The ion energy source depends on the electron-ion exchange rate, losses due to atomic processes and the auxiliary ion heating such as neutral beam injection:
The ion and electron energy sources determine the ion and electron heat fluxes related to the temperature gradient via the heat conductivity, Q = −nχ(ρ)
∂T ∂ρ
. In steady state the heat flux corresponds to the integral of the sources, Q = P dV , where V is the plasma volume. In the following, χ i is determined experimentally using power balance analysis. To this end, ASTRA is used in an interpretive way. The code can also be run in a predictive way, i.e. using a prescribed χ i profile and solving the heat transport equations for T e and T i . The experimentally determined χ i is compared to neoclassical predictions in order to test whether neoclassical theory can account for the ion heat transport level in the pedestal.
Modelling of inter-ELM ion heat transport and comparison to neoclassical theory
The neoclassical ion heat conductivity is based on the flux surface averaged transport matrix and depends on the density, the poloidal ion gyroradius ρ i,pol divided by the collisional time τ i , the magnetic field and the neoclassical function F which depends on the trapped particle fraction f t [29] :
The experimental ion heat diffusion coefficients are compared to the neoclassical predictions using the NEOART code [30] . For selected discharges they are also compared to simulations with NEO [31] and NCLASS [32] . Figure 8 shows (a) T e (black) and T i (red), (b) the electron (black) and ion (red) energy sources as well as the electronion heat exchange rate (blue) and (c) the resulting surface-integrated heat fluxes as determined via power balance. Note that for the power balance analysis presented in figure 8 the effects due to an ELM have been excluded, i.e. only data taken -5 ms to -1 ms before the onset of an ELM are used. Figure 9 shows the resulting ion heat diffusion coefficient at the plasma edge. The neoclassical prediction simulated with NEOART is shown in red, while in blue and green the NEO and NCLASS calculations are shown. The power balance analysis yields an edge ion heat conductivity on the order of ∼0.6-0.7 m 2 /s. Note that the temporal evolution of T i within the analyzed time window is taken into account for the evaluation of the heat flux and the χ P B i profile shown in figure  9 corresponds to the temporal average, i.e.:
where Q tot i is the total heat flux, Q dt i the heat flux corresponding to the time variation in the plasma energy, V is the volume, ρ is an effective minor radius defined as ρ = Φ/πB 0 with Φ the toroidal magnetic flux and B 0 the vacuum magnetic field.
denotes the flux surface average. In the transport barrier region, the ion heat conductivity is close to the neoclassical level during the inter-ELM phase, while further inside (ρ pol < 0.9) χ P B i exceeds the neoclassical value by a factor of ∼2. Note that close to the separatrix χ P B i increases again, in qualitative agreement with the predictions by NEO and NCLASS. The analysis was extended to high collisionality plasmas, i.e. ν * i > 1. At higher collisionality, the ion and electron channels are coupled and the electron-ion heat exchange rate is not negligible, making it more difficult to determine the ion heat flux and thus, χ i . Figure 10 shows the ion heat diffusion coefficient for an H-mode plasma with I p = 1 MA, B t = 2.47 T, core line-integrated density of 7.1×10
19 m −2 and a collisionality of 1.45. Note that here the ELM frequency was ∼75 Hz. As shown in figure 10 , the edge χ i remains close to the neoclassical value within the experimental uncertainties also at higher collisionality, in agreement with earlier studies [12, 13] . Again, further inside χ i exceeds the neoclassical prediction. are shown in black, while the neoclassical predictions calculated with NEOART are shown in red. For the two cases discussed above, the NEO and NCLASS values are shown in blue and green, respectively. The gray diamonds highlight the Hmode plasmas with edge ECRH deposition, while the corresponding on-axis cases are marked by gray stars. As expected from the background plasma profiles, the ion heat conductivity is hardly changed compared to the on-axis ECRH case. This suggests that despite changing the ECRH deposition location, the edge χ i remains close to the neoclassical level, at both low and high collisionality. For a comparison, figure 11(b) shows the electron heat transport coefficients as determined via power balance analysis (black stars). Note that for χ e the evaluation depends on the radiated power, which has large uncertainties. The neoclassical values of χ e are marked as red squares. While the ion heat transport level is at the neoclassical level, the electron heat transport exceeds the neoclassical predictions by one to two orders of magnitude.
Summary
Analysis of the inter-ELM ion heat transport in ASDEX Upgrade H-mode plasmas reveals that the ion heat diffusion coefficient is close to the neoclassical level at both low and high collisionality. Dedicated discharges at low collisionality were carried out in order to have a small electron-ion heat exchange rate and to have a good separation between Q e and Q i . In all analyzed discharges, the experimentally determined χ i in the edge transport barrier region is in agreement with the neoclassical value during the inter-ELM phase. The analysis was extended to discharges with varying collisionality and indicates that also at higher collisionality the edge χ i remains close to the neoclassical value, in agreement with earlier studies [12, 13] . The ECRH deposition location was moved from the plasma core to the edge to analyze its impact on the ion heat transport. The off-axis ECRH deposition hardly changes the edge profiles. The behaviour in the recovery of T e , n e and T i during the ELM cycle is also very similar between on-and off-axis heating. The evaluation of the ion heat transport shows no change in the transport level, as expected, indicating that in-between the ELMs the ion heat transport in the edge transport barrier is set by neoclassical diffusion. This also confirms that the assumption of locality can be used for the heat transport in the pedestal region.
